We use N K-edge absorption spectroscopy to explore the electronic structure of the amine group, one of the most prototypical chemical functionalities playing a key role in acid-base chemistry, electron donor-acceptor interactions and nucleophilic substitution reactions. In this study we focus on aliphatic amines and make use of the nitrogen 1s core electron excitations to elucidate the roles of N-H *, and N-C * contributions in the unoccupied orbitals. We have measured N K-edge absorption spectra of the ethylamine bases Et x NH 3-x (x=0..3; Et-= C 2 H 5 -) and the conjugate positively charged ethylammonium cation acids Et y NH 4-y + (y=0..4; ; Et-= C 2 H 5 -), dissolved in the protic solvents ethanol and water. Upon consecutive exchange of N-H for ethyl-groups we observe a spectral shift, a systematic decrease of the N K-edge pre-edge peak and a major contribution in the post-edge region for the ethylamine series. Instead for the ethylammonium ions, the consecutive exchange of N-H for ethyl-groups leads to an apparent reduction of pre-edge and post-edge intensities relative to the main-edge band, without significant frequency shifts. Building on findings from our previously reported study on aqueous ammonia and ammonium ions, we can rationalize these observations by comparing calculated N K-edge absorption spectra of free and hydrogen bonded clusters. Hydrogen bonding interactions lead only to minor spectral effects in the ethylamine series, but have a large impact in the ethylammonium ion series.
Introduction
Alkylamines R x NH 3-x (x = 0..3) are nitrogen-containing compounds having a pyramidal geometry, with a specific number of N-H bonds that can vary between three and zero and a related number of alkyl-groups (varying between zero and three), plus a lone electron pair at the N atom. The lone pair can accept an additional proton, connecting the alkylamines bases to the respective conjugate alkylammonium R y NH 4 Reports on the electronic structure of amines and conjugate protonated ammonium compounds deduced from soft-x-ray spectra are scarce, ranging from the benchmark ammonia/ammonium ion system, 4, 5 to amino acids, 6, 7, 8, 9, 10, 11 aromatic amines, 12, 13, 14 ionic liquids 15 and nucleic acid bases. 16 Among the soft x-ray spectroscopic methods suited for studying amines and ammonium compounds, N K-edge x-ray absorption spectroscopy (XAS)
is particularly powerful in addressing intra-and intermolecular N-H interactions as it directly accesses the unoccupied N-H orbitals. The impact of hydrogen bonding interactions, protonation and electron donor-acceptor interactions of N-H groups and their relative importance for the pre-, main-and post-edge transitions in the N K-edge XAS spectrum in terms of possible changes in transition frequencies and intensities, and the role of particular alkyl or aromatic functionalities in the soft-x-ray spectra remain rather unexplored. In this paper we present results obtained on the N K-edge absorption spectra of the ethylamines R x NH 3-x (x = 1..3; R = C 2 H 5 -, abbreviated as Et-), measured in ethanol, and the conjugate ethylammonium ions R y NH 4-y + (y = 1..4; R = C 2 H 5 -, abbreviated as Et-), measured in water.
We use N K-edge XAS in transmission mode, using a transmission flatjet 17 to probe the N 1s core electronic excitations to unoccupied molecular orbitals with varying N-H and/or N-C  antibonding character. This systematic investigation of the electronic sensitivity to ligand substitution and hydrogen bonding builds on and extends from our previously published results on ammonia and the ammonium ion in water. 
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(Merck, for analysis EMSURE). Concentrations used were ranging between 0.2 -0.5 M. All samples were filtered and degassed before each XAS measurement.
XAS spectra. The N K-edge absorption spectra were recorded in transmission mode using a set up based on a novel liquid flat jet technique described in detail previously. 17 In short, two laminar single jets obliquely collide under an angle of 48° leading to a flatjet formation consisting of two consecutive sheets. The first sheet has the form of a leaf bound by a thick
rim. An ordinary HPLC (High Performance Liquid Chromatography) pump was used to pump a liquid through the 50 µm nozzles with a flow rate of about 3.20 ml/min. The liquid was later collected and frozen in a cold trap. The thickness of the film at the measurement point was varied in the 2.0-3.0 µm range to achieve sufficient signal.
XAS experiments were performed at the UE52-SGM beamline at the synchrotron radiation source BESSY II at the Helmholtz-Zentrum Berlin. 18 BESSY II was operated in multibunch mode resulting from top-up injection of the electron storage ring. The monochromator exit slit was set to 100 µm, resulting in a bandwidth of ~110 meV (Gaussian FWHM) at 390 eV. The X-ray beam diameter on the sample was nominally 60*60 µm. The xray flux incident on the sample was on the order of 10 11 -10 12 photons/s. The x-ray radiation transmitted through the sample was detected by a GaAs photodiode (Hamamatsu, G1127-04). Every sample scan was corrected for signal contributions of the beamline and the solvent (both were measured under the same conditions as the sample solutions). To calibrate the energy scale for our absorption measurements we have used the ammonia spectrum published before 5 as a reference since it had previously been calibrated in incident energy using the nitrogen gas spectrum also recorded during that particular previous beamtime. 27 The molecules and clusters were geometry optimized with the Gaussian and Plane Wave (GPW) method, 19 in which we used GTH pseudo-potentials 28, 29, 30 in combination with Gaussian basis sets (TZVP-GTH) 31 to describe the Kohn-Sham orbitals and an auxiliary plane wave basis (with a cut-off of 300 Ry) to describe the electron density. The simulated x-ray absorption spectra were derived from full core-hole excited (XFH) transition potential self-consistent field (SCF) calculations 32 as implemented in the Gaussian augmented plane wave (GAPW) method, 33 using an allelectron description with the 6-311++G(2d,2p) basis set 34, 35 and a 600 Ry cut-off for the plane wave expansion of the electron density. Each discrete XAS spectrum was based on 200
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unoccupied Kohn-Sham orbitals in the XFH SCF. The discrete transitions were convoluted with a Gaussian broadening with a full-width half-maximum of 0.4 eV and all simulated spectra were shifted by -10.05 eV for direct comparison to the measured spectra.
Experimental Results
We display in Figure 2 (left column) our experimental N K-edge absorption spectra of the alkylamine compounds R x NH 3- In Figure 2 (right column) we show the experimental N K-edge absorption spectra measured for the alkylammonium R y NH 4-y + (R= C 2 H 5 -(Et-); y=0..4) series dissolved in water.
The absorption spectrum of NH 4 + (aq) has been published in our previous study on NH 3 (aq)/NH 4 + (aq). 5 We leads to a further decrease in intensity of both the pre-and post-edge parts of the N K-edge spectra relative to that of the main-edge, leading to an effective apparent "narrowing" of the overall spectra.
In addition, we measured ammonia NH 3 and diethylamine Et 2 NH both in water and in ethanol to investigate the influence of solute-solvent hydrogen bonding (see Figure 3 ). Here we note that NH 3 dissolved in ethanol has been prepared using concentrated aqueous Nevertheless it appears to be located at about the same transition frequency. We will attempt to explain the experimental observations and trends by quantum-chemical modelling of XAS features for the isolated and hydrogen bonded solutes.
Computational Results
The impact of hydrogen bonding on the O K-edge of O-H groups in protic solvents like water and alcohols has now been widely documented. 36, 37, 38 Hydrogen bonding plays a key role in altering the cross sections of 1s excitations to lowest unoccupied orbitals, as probed with XAS, due to changes in orbital symmetries as well in electronic densities of the electronegative O atoms being changed upon by (donating or accepting) hydrogen bonding interactions. In a similar fashion hydrogen bonding will also govern the changes in the N Kedge spectral features of amino-groups. To obtain a more complete understanding of the impact of hydrogen bonding for the alkylamine and alkylammonium series studied here the N K-edge XAS spectra of hydrogen-bonded clusters are calculated for different hydrogen- Table 1 we present the results of binding energy calculations for the accepting and donating hydrogen bonds in the alkylamines, that exhibit the same trend as our previous AIMD simulations of aqueous ammonia. 5 Indeed, these results show that the accepting hydrogen bond is strong suggesting it will have a major prominence in the possible solute-solvent configurations. In contrast, the donating hydrogen bond is much weaker, and will not be energetically Table 1 clearly show that we can expect full hydrogen bonded configurations to dominate both in water and ethanol solutions. We have calculated the XAS spectra of the alkylamines Et x NH 3-x (x=0.. with Et-N in the Et x NH 3-x alkylamine series leads to a relative diminishing of magnitudes of pre-and main-edge transitions with respect to those due to the increasing amount of postedge transitions, in line with the experimental observations. We also notice the influence of hydrogen bonding on the calculated spectra. As found before for ammonia, 4 an accepting hydrogen bond at the nitrogen lone-pair leads to a constant blue-shift of the XAS transitions.
Here only minor spectral changes are observed on the accepting hydrogen bonds (red dashed lines in Figure 4 ). In contrast, donating hydrogen bonding involving the N-H groups significantly alters the spectra (blue dashed lines in Figure 4 ). In the Discussion section below, we will elaborate on the occurrence of N-H donating hydrogen bonding in the alkylamine solutions. Here, we only note that the intensity decrease of pre-edge features for the hydrogen-bonded configurations, and the associated loss of agreement of the predicted (blue dashed lines in Figure 4 ) with experimental spectra, is consistent with the assumption that donating hydrogen bonds around the alkylamines are minority structures in solution, as we have previously shown for aqueous ammonia. 5 Since the accepting hydrogen bond does not influence the spectral shape and donating hydrogen bonds are likely weak or even absent, we will neglect hydrogen bonding in our assignment of the spectral features below.
In Figure S1 in the Supplement, we also show the close similarity of the spectral response of the alkylamines to hydrogen bonding with ethanol and with water. Motivated by the limited spectral influence of accepting hydrogen bonds and by the good agreement between the experimental spectra and spectra of the isolated alkylamine molecules, we will use these models for discussing the assignment. In Figure 5 we depict the molecular orbitals associated with the dominant discrete transitions underlying the calculated XAS spectra in Figure 4 . Starting with the simplest amine Et x NH 3-x with x=0, i.e.
ammonia, the pre-and main-edge XAS features are associated with the 4a1 and 2e molecular orbitals as observed for aqueous ammonia 4, 5 Note that we do not describe the spectral shape of the aqueous ammonium XA spectrum well, neither in our cluster models here nor in our previous sampling from AIMD simulations.
However, the observed splitting seems to be essential for understanding the presence of 
Discussion
In our previous study on aqueous NH 3 /NH 4 + we have described how the N K-edge spectral contributions of NH 4 + (aq) and of NH 3 (aq) can be ascribed to N 1s excitations to particular unoccupied orbitals and how the electronic structure and molecular symmetry play a role in these excitations. To further discuss our observations on the N K-edge spectral features of the alkylammonium ions/alkylamines we follow a similar line of argument, based on the unoccupied orbital structure for pyramidal or tetrahedral geometries as reported before. 37, 39 The changes in intensity of the pre-edge peaks in the series of alkylamines can be understood by inspecting the symmetries of the unoccupied orbitals reached in the XAS transitions. With C 3v molecular symmetry in NH 3 , the LUMO has a1 symmetry with considerable N 2p character (see the depicted molecular orbitals in Figure 5 ). As a result the pre-edge transition to the LUMO has substantial cross section, about one third of the cross section of the main-edge transition associated with the double degenerate LUMO+1 orbital (with e symmetry). 37, 39 For NH 4 + in perfect tetrahedral symmetry, in a similar fashion as for isoelectronic CH 4 , the 1s to LUMO transition is dipole forbidden due to the LUMO a1 symmetry (i.e. pure 2s character without 2p admixture). Instead the 1s to LUMO+1 transition in NH 4 + is strongly allowed due to the exclusive 2p character of the triply Binding energies of the hydrogen bonds between solute and solvent molecules as estimated from the optimization in DFT calculations do change in the alkylamine and alkylammonium ion series, and differ when having either water or ethanol as hydrogen bond partners (see Table 1 ). We can draw the following conclusions from these binding energy 
Conclusions
In our combined experimental and computational study of the N K-edge absorption In this study, we have shown that the essence of the experimental XAS of the series of alkylamines in ethanol and alkylammonium ions in water can be captured in simple cluster models. Although the simulated spectra reproduce the main spectral features and trends, discrepancies found when making a detailed comparison require further investigations using more realistic models, including dynamical sampling and long-range interactions. 5 This modeling at advanced levels will allow for a critical assessment of the quantitative predictability of the spectra with theoretical methods. Nevertheless, our findings on the N Kedge spectroscopy of amino-groups, subject to the systematic change of chemical functional groups, will serve as benchmark in future studies of amine compounds, in bulk solution, as well as in biological surroundings and on interfacial systems.
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